tural rearrangements at the synapse, and studies in systems that provide accessible anatomical preparations support this view. In Aplysia, for instance, the time synthesis is a molecular gateway-an early and necesrapid, early phases eventually give way to slower, more sary molecular step-to long-term plasticity, driven by enduring stages. Diverse forms of synaptic change structural rearrangements at the synapse. The developshare a common requirement for protein synthesis in ing visual cortex is an experimental system in which the late stages of plasticity, which are often associated the time course of distinct physiological and anatomical with structural rearrangements. Ocular dominance substrates of plasticity has been well studied, and plasticity in the primary visual cortex (V1) is a longhence, provides the opportunity to investigate the molasting form of activity-dependent plasticity comlecular correlates of these changes. During a discrete prised of well-defined physiological and anatomical critical period in postnatal development, synapses in stages. The molecular events underlying these stages the V1 are exceptionally plastic, such that brief periods remain poorly understood. Using the protein synthesis of monocular deprivation ( . To date, Protein synthesis is thought to be necessary for struchowever, there has been no direct demonstration of a requirement for protein synthesis in ocular dominance plasticity.
To investigate this issue, we infused the protein synestablish a reliable means of inhibiting protein synthesis in the visual cortex over a period of days. We used thesis inhibitor cycloheximide into distinct neural targets, while subjecting mice to concurrent MD. We demosmotic minipumps to infuse cycloheximide directly into cortical tissue medial to V1, choosing a concentration onstrate that intact levels of protein synthesis are necessary for ocular dominance plasticity and that this that minimized neurotoxic effects of the drug but that was sufficient to suppress protein synthesis several milrequirement for translation arises rapidly after monocular occlusion. The locus of this requirement is cortical; limeters from the infusion site. A typical example of the effects of extended (5 day) while thalamic inhibition of protein synthesis leaves ocular dominance plasticity intact, cortical infusions of unilateral infusion of cycloheximide is shown in a coronal slice of mouse brain in Figure 1A . Protein synthesis in cycloheximide block the effects of MD. the region of the visual cortex, as measured by incorporation of the tritium-labeled amino acid leucine into naResults scent proteins (see Experimental Procedures), was substantially suppressed in the CYC-infused hemisphere.
Inhibition of Protein Synthesis in Visual Cortex
Monocular deprivation in mice must be maintained over Silver grain density decreased in a lateral to medial gradient in the CYC-infused hemisphere, reflecting the me-4 days to induce expression of near saturating plasticity (Gordon and Stryker, 1996). Thus, it was necessary to dial placement of the infusion cannula. Protein synthesis than half that measured in uninfused hemispheres (45% Ϯ 12% at midpoint of V1, mean Ϯ 95% confidence interval). Though there was variability in the extent of protein synthesis inhibition, all infused hemispheres showed significantly reduced protein synthesis near the medial margin of V1 (avg ϭ 18% Ϯ 5.1% of uninfused mean at 1.70 Ϯ 0.09 mm from midline; p Ͻ 0.001; t test). Near the lateral margin of V1, protein synthesis was somewhat higher (61% Ϯ 7.7% at 2.7 Ϯ 0.04 mm), but was still significantly reduced relative to control levels (p Ͻ 0.05; t test). Thus, our infusion protocol yielded a reliable means of suppressing protein synthesis in the region of the V1. dominance was measured using extracellular single unit recordings of visual responses in binocular visual cortex. For purposes of comparison, units from each mouse were used to compute a single contralateral bias index levels in the uninfused hemisphere were uniformly high across the medial-lateral span of the cortex, indicating (CBI), which reflects the relative strength of the contralateral eye's input to cortex. that little, if any, cycloheximide crossed the midline. High-magnification insets show silver grain puncta in
Blockade of Ocular Dominance Plasticity after Cortical Protein Synthesis Inhibition
In normal mice, cortical responses are dominated by the contralateral eye. This is reflected in the high mean the region of the visual cortex.
The spatial gradient of protein synthesis inhibition was CBI of nondeprived mice (CBI ϭ 0.75 Ϯ 0.03, mean Ϯ SEM; Figure 3A ) and the left-shifted distribution of units quantified by sampling silver grain counts across the medial-lateral extent of the hemisphere ( Figure 1C ; rein the ocular dominance histogram ( Figure 3B ). Control mice infused with physiological saline 1 day prior to, sults from section shown in Figure 1A ). In the infused hemisphere, protein synthesis was reduced to near and concurrent with 4 days of MD, displayed a robust shift in ocular dominance, such that the balance of neubackground levels close to the midline, remained substantially inhibited 2-3 mm away, and rose to control ronal responses came to favor the nondeprived ipsilateral eye (CBI ϭ 0.46 Ϯ 0.01; Figure 3A ). The shift in the levels near 4 mm from the midline. Protein synthesis levels varied only slightly across the extent of the unindistribution of ocular dominance scores of individual units following saline ϩ MD treatment can be seen in fused hemisphere.
A side by side comparison of infused and uninfused Figure 3C . The dotted line is a best fit for the distribution of ocular dominance scores in normal, nondeprived anibisbenzimide-stained sections ( Figure 1B) shows that cycloheximide infusion did not disrupt the normal lamimals; following saline infusion ϩ MD, responses shifted significantly (p Ͻ 0.0001; t test) toward the open ipsilatnar structure of the cortex nor reduce cell density (cell density in infused V1 ϭ 93% Ϯ 6% of uninfused V1; p ϭ eral eye. Infusion of cycloheximide blocked the normal effects 0.42; t test) in the region of the visual cortex. These properties of normal cortical architecture were mainof MD. The mean CBI of animals undergoing cycloheximide ϩ MD treatment (CBI ϭ 0.70 Ϯ 0.04) was similar tained despite substantial suppression of protein synthesis; in the region shown, silver grain density in the to that of nondeprived animals (p ϭ 0.36; t test), but significantly different from that of the saline ϩ MD group CYC-infused hemisphere was reduced approximately 2-fold relative to the uninfused hemisphere.
(p Ͻ 0.005; t test). The majority of neurons in CYCinfused animals continued to be driven by the deprived Grouped results taken from multiple unilateral cortical infusions (n ϭ 6 mice) are shown in Figure 2 . Silver contralateral eye, and as can be seen in Figure 3D , the distribution of ocular dominance scores following cyclograin counts were normalized to the average silver grain density in all uninfused hemispheres and plotted as a heximide infusion remained very similar to that observed in nondeprived animals. function of distance from the midline. Using cytoarchitectonic cues, V1 was located in infused hemispheres:
The effects of protein synthesis inhibition on ocular dominance plasticity were consistent across the mediolatthe gray strip indicates the position of V1 relative to the midline (medial margin of V1 ϭ 1.8 Ϯ 0.2 mm from mideral extent of the recording sites in binocular V1. The mean CBI value calculated from penetrations made near the line; lateral margin ϭ 2.9 Ϯ 0.2 mm). On average, our infusion protocol reduced protein synthesis in V1 to less cannula (CBI near ϭ 0.70; 6 penetrations and 41 units) did infusions, with CYC delivered to one hemisphere and normal precision of retinotopic mapping across the anterior-posterior axis of the cortex. In both hemispheres, saline to the other hemisphere. Figure 5C shows the vascular pattern at the cortical surface, with saline (left retinotopy is mapped smoothly and continuously across the visual cortex, with the most superior elevations preshemisphere) and CYC infusion sites (red circles) visible near the midline. Figure 5D shows retinotopic mapping ent in caudal portions of the cortex. While the precision of retinotopic mapping in visual cortex was not altered across the cortical surface obtained in the same animal after visual stimulus presentation. As is clear by comparin CYC-infused hemispheres (n ϭ 6), the magnitude of responses was slightly reduced relative to saline-infused ison of retinotopic maps in the CYC-and saline-infused hemispheres, 5 days of CYC infusion did not alter the control hemispheres (p ϭ 0.04; paired t test). As both of the LGN, which projects to the binocular region of V1 investigated in this study, showed reliable inhibition.
Intact Ocular Dominance Plasticity following
Protein synthesis levels in V1 of infused and uninfused Geniculate Protein Synthesis Inhibition hemispheres were comparable (protein synthesis in V1 Visual information from the retina is communicated to of infused hemisphere ϭ 106% Ϯ 3.3% of uninfused the visual cortex through the LGN of the thalamus. The hemisphere; p ϭ 0.14; t test), supporting the notion that thalamic neurons extending afferents to the visual corthalamic cycloheximide infusion did not block protein tex are not, however, passive relay elements. During synthesis in postsynaptic cortical neurons. MD, thalamocortical afferents undergo dramatic activityDespite substantial inhibition of LGN protein synthesis, ocular dominance plasticity was normal in CYCdependent rearrangements, including extensive pruning to the expression of rapid plasticity; translation of novel proteins within cell bodies of the LGN is not needed for initial changes following brief MD.
Discussion
We have demonstrated that intact cortical protein synthesis is required for ocular dominance plasticity. Moreover, the blockade of plasticity by cycloheximide is not the trivial consequence of suppressing neuronal responses, as single units and VEPs recorded in CYCinfused animals demonstrate normal neuronal responsiveness and resting activity. Two aspects of the requirement for protein synthesis-its timing and locus-have interesting implications for the molecular mechanisms that mediate ocular dominance plasticity.
Rapid Structural Change in Ocular Dominance Plasticity
The timing of the requirement for protein synthesis following monocular occlusion is rapid, as suppression of cortical translation blocks the earliest plasticity apparent following monocular occlusion. While anatomical changes induced in thalamocortical arbors might well be expected to require protein synthesis for their expression, the finding that cortical protein synthesis blocks even the most rapidly expressed effects of MD is surprising. Characterizations of both the electrophysiological and anatomical dimensions of activity-dependent plasticity in a single system are rare, but evidence from studies of gill withdrawal sensitization in Aplysia (Bailey et al., 1992) , hippocampal LTP (Engert and Bonhoeffer, 1999), and memory formation in chicks (Rose and Stewart, 1999) converge in suggesting that protein synthesis is required for structural changes that underlie "late" stages of plasticity, but not for the quick electrophysiological changes that precede them. Our finding of a requirement for protein synthesis in rapid ocular dominance plasticity suggests this electrophysiological plasticity may also have a structural substrate, and in this regard, may be akin to the "late" stages of other forms of plasticity.
While we have interpreted the effect of protein synthe- by dipping. They were allowed to dry for 4 hours in a humidified chamber, then transferred to dry, light-tight boxes to be stored at Quantitative Measurement of Single Unit Responses 4ЊC for exposure. Sections were developed by serial exposure to A total of six critical period age mice (three CYC-infused and three developer, water rinse, and fixative, and bisbenzimide-stained besaline-infused) were used in quantitative measures of spike rates. fore dehydrating and cover slipping. Single unit responsiveness was assessed using computer-driven stimulus presentation and spike collection. Stimulus-driven neuQuantification of Protein Synthesis Inhibition ronal responses were elicited by a high-contrast (90%), low-spatial and Cell Density frequency (0.04 cyc/deg) square wave grating flashed at 1 Hz at the Silver grain puncta representing incorporation of tritium-labeled leuoptimal orientation. Responses to this stimulus were integrated over cine into nascent proteins were counted to quantify the effects 100 ms bins to determine the maximum firing frequency. Spontaneof cycloheximide infusion. All quantification of protein synthesis ous rates of activity were calculated as the mean spike rates averinhibition was carried out by comparing hemispheres (infused veraged over two trials in which no stimulus was presented. The histosus uninfused) in a single section and were therefore perfused identigrams of response latency ( Figure 4B ) were generated by integrating cally and on slides exposed for the same length of time. Typically, responses over 25 ms bins, normalizing response amplitude to the sections were developed after 10 days, though exposures ranged maximal spike rate, and plotting responses as a function of time in length from 6 to 21 days. To measure protein synthesis in the from stimulus onset. cortex, measurements were made in coronal sections containing portions of V1 corresponding to central areas of the visual field ‫1ف(‬ VEP Recording mm from the caudal pole of the brain). Digital photographs of fields A total of six mice were used in VEP recordings; three of these were ‫053ف‬ ϫ 450 m in size were taken at ‫1ف‬ mm intervals across the p30-p34 wild-type mice, and three were adult GFP mice (used for medial-lateral extent of the cortex. Silver grain puncta were counted studies of single neuron morphology, as described below). Data using an automated particle counting function developed on the from these two groups were pooled, as there was no difference in public domain NIH Image program (developed at the U.S. National their mean VEP amplitude (p ϭ 0.29; t test). Each mouse received Institutes of Health and available on the Internet at http://rsb.info. bilateral cortical infusions, with CYC delivered to one hemisphere nih.gov/nih-image/) with the threshold set at an arbitrary level, which and saline to the other. After 5 days of bilateral infusion, mice were was identical for infused and uninfused hemispheres in each secanesthetized for VEP recordings as outlined above for single unit tion. Cortical cell density was quantified using similar counting prorecordings. VEP signals were recorded using tungsten microeleccedures in bisbenzimide-stained sections identical to those used trodes and amplified with bandpass (0.1-500 Hz) filtering. Full field for measuring protein synthesis inhibition. Measurements of protein flashes delivered to the eye contralateral to the hemisphere studied synthesis inhibition in the LGN were made in a similar fashion, with were used to elicit VEP responses. 60-80 stimulus presentations two changes. Protein synthesis was quantified in serial sections of were averaged to generate each VEP, and these traces were the LGN and therefore included the entire volume of the LGN. Also, smoothed with boxcar binning. Responses were quantified by meathe area encompassed by the LGN in each section was identified suring the peak to trough amplitude of the responses recorded at using cytoarchitectonic cues and the silver grain count restricted 400 m below the cortical surface, the depth at which responses to that area. are usually maximal (Porciatti et al., 1999) . 
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